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A B S T R A C T
The wellhead ﬂow control valve bodies which are the focal point of this failure case study
were installed in some of the upstream facilities of Khangiran’s sour gas wells. These valve
bodies have been operating satisfactorily for 3 years in wet H2S environment before some
pits and cracks were detected in all of them during the periodical technical inspections.
One failed valve body was investigated by chemical and microstructural analytical
techniques to ﬁnd out the failure cause and provide preventive measures. The valve body
alloy was A216-WCC cast carbon steel. During investigation many cracks were observed
on the inner surface of the valve body grown from the surface pits. The results indicate that
ﬂow control valve body failed due to combination of hydrogen induced corrosion cracking
(HICC) and sulﬁde stress corrosion cracking (SSCC). According to HIC and SSC laboratory
tests and also with regard to cost of engineering materials, it was evident that the best
alternative for the valve body alloy is A217-WC9 cast Cr–Mo steel.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
The number of sour (H2S containing) oil and gas ﬁelds being produced worldwide is increasing, as sweet (CO2 containing)
ﬁelds are being depleted. A concern in the production sour oil and gas is the corrosion caused by the acid gas H2S [1]. Even
though corrosion resistant alloys (CRA) has long been available as a material selection option that mitigates H2S corrosion,
the carbon steel is in general more cost-effective for oil and gas facilities [2].
The most important element in the production process of upstream facilities is the control valve. The control valve
manipulates a ﬂowing ﬂuid, such as sour gas, steam or chemical compounds to compensate for the load disturbance and keep
the regulated process variable as close as possible to the desired set point [3].
Scheduled and unscheduled shutdowns for repairing corrosion damage or replacing corroded equipments in upstream
facilities can be very expensive and anything that can be done to reduce these shutdowns will be of great beneﬁt. Selection of
materials of construction has a signiﬁcant impact on the efﬁciency of the wellhead facilities. Among the many metals and
alloys that are available, a few can be used for the construction of process equipment such as control valve bodies. A216
carbon steel (the common material for wellhead ﬂow control valve bodies), is probably used for a dominant portion of all of
the components in wellhead facilities, because it is inexpensive and readily available.                
* Corresponding author. Tel.: +98 9156505862; fax: +98 5118403937.
E-mail address: Ziaee950@yahoo.com (S.M.R. Ziaei).
2213-2902   2013 The Authors. Published by Elsevier Ltd. 
http://dx.doi.org/10.1016/j.csefa.2013.08.001
Open access under CC BY-NC-ND license.
Table 1
Working condition of wellhead ﬂow control valve body.
Maximum working pressure 1100 psi
Maximum working temperature 90 8C
Natural gas H2S content 3.6%
Natural gas CO2 content 1.02%
Chloride content of product water 0.5%
Duration of service 3 years
Fig. 1. Wellhead ﬂow control valve body, 3’’ID 2500# A216-WCC, the body carries sour gases with a high wet H2S content (24,000 ppm). The maximum
working pressure is 1100 psi.
Fig. 2. A cross section of wellhead ﬂow control valve body inside entry.
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The wellhead ﬂow control valve bodies (FCV 3’’ID 2500# ASTM A216-WCC) which are the focal point of this failure case
study were installed in some of the upstream facilities of Khangiran’s sour gas wells. Table 1 shows working condition of the
ﬂow control valve in one of the sour gas wells and indicates that the sulfur content is in the level of 24,000 ppm. Fluid
circulating through the wellhead ﬂow control valve is sour gas with wet H2S. The upstream pressure is 1100 psi and the
maximum working temperature 90 8C. These bodies (3 valve bodies installed in different sour gas wells) have been operating
satisfactorily for 3 years in wet H2S environment before some thickness reduction, pits and cracks were detected in all of
them during the periodical technical inspections. All the valve bodies were retired from service and one of them was
destroyed to carry out this failure analysis for determining the origin of these defects (Fig. 1).
3. Visual inspection
The ﬁrst step in the study consisted in a visual examination of the failed valve body, mainly centered in the damaged zones
but including also other areas which seemed to be undamaged. Therefore the valve body was cut into two halves, as shown in
Fig. 2. The cut sections were visually examined to gather information about the extent of corrosion and any damage.Fig. 3. Severe corrosion on the inner surface of the control valve body, (a) near the seat ring and (b) near the valve’s ﬂange.
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corrosion with varying size (2–6 mm) in the right half of the control valve body was also noted (Fig. 3). Some pits had
completely perforated the wall thickness and some were shallow less deep pits. The upper half of the body was relatively less
affected by pit perforation as shown in Fig. 3a.
An image of the as-received valve body is shown in Fig. 4 which presents three perspective of the sample: (a) inner surface,
(b) central zone and (c) cross section image of the damaged surface of the valve’s ﬂange. It can be seen thatthe cracks extended
from the surface (surface in direct contact with H2S) to the base metal. The cracks transversed 15 mm of the total thickness
(30 mm) of the valve body after 3 years in wet H2S service (Fig. 5a). Some cavity-like corrosion features were observed initiated
from the inner side of the valve surface to the base metal as shown in Fig. 4b and c.Fig. 4. A cross section of valve body base metal after 3 years of service in wet H2S environment (a) Crack emanating from inner surface of the valve’s surface,
(b) holes and cracks near central zone of the valve and (c) surface of the valve’s ﬂange, there is a clear evidence of the corrosive damage suffered by the steel.
Fig. 5. SEM micrograph showing sulphide stress corrosion cracks in A216 steel (a) main crack and (b) branched cracks. Cracks extended from inner surface to the
base metal.
Table 2
Chemical composition of A216 wellhead ﬂow control valve body (wt%).
C Si S P Mn Fe
A216-WCC (cast carbon steel) 0.24 0.55 0.034 0.32 1.18 Bal.
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4.1. Microstructural observation and mechanical tests
The chemical composition and mechanical properties of the body alloy are compatible to A216-WCC cast carbon alloy, as
shown in Tables 2 and 3.
Table 3
Mechanical properties of A216 steel.
UTS (MPa) YS0.2% (MPa) E (%) Hardness (HRC)
A216-WCC 620 279 22 18
Fig. 6. Typical example of hydrogen induced corrosion cracks extended parallel to the inner surface of the valve body (a) OM micrograph and (b) SEM
micrograph.
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Fig. 7. SEM micrograph showing combined SSC and HIC corrosion crack growth.
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were ground up to 1200 grit paper and polished with 1 mm diamond suspension. They were degreased with acetone and
etched with nital solution. Cracks were analyzed carefully using scanning electron microscope (SEM). To investigate the
distribution of non-metallic inclusions, all specimens were ﬁnished with 0.25 mm diamond paste and then SEM micrographs
of non-etched clean surface were observed.
4.2. Corrosion tests
HIC tests were performed according to NACE TM0284-96, which describes a methodology, used in the evaluation of HIC
susceptibility of steels [12]. Standard HIC samples (3 per plate) of 11 mm thickness, 20 mm width, and 100 mm length were
tested in solution saturated with H2S and a pH of 3.5 as per NACE TM0284-96. Samples were polished to a 360 mesh,
degreased and immersed in the test solutions. After the tests (72 h duration) the samples were examined for internal
discontinuities using ultrasonic equipment. This auxiliary analysis furnished additional information about crack distribution
in the sample. However, the extent of HIC was quantiﬁed subsequently through metallographic analysis as speciﬁed in the
standard. The transverse section of the samples was evaluated, and the HIC susceptibility was expressed using the following
parameters (Eqs. (1)–(3)), deﬁned in relation to crack length (a), crack thickness (b), sample width (w) and sample thickness
(t): crack susceptibility ratio (CSR), crack length ratio (CLR), crack thickness ratio (CTR), and extension transverse crack (ETC),
which is the maximum crack thickness.
CSR ¼
P
a  b
w  t  100 (1)
CLR ¼
P
a
w
 100 (2)
CTR ¼
P
b
w
 100 (3)
Sulﬁde stress corrosion cracking resistance was evaluated as per NACE TM0177-96 method ‘‘A’’ using cylindrical test
piece and a load ring. The applied stress was 70% and 100% of the yield strength (YS) of the material. Three samples were
tested at each stress level.
Electrochemical test was conducted at 23 8C and atmospheric pressure. Test was made using a standard glass cell
containing the working electrode (specimen) and a graphite counter electrode. Potentials were measured with reference to a
saturated calomel electrode (SCE) interfaced to the test solution via a salt bridge. A potentiostat system was utilized to
perform and analyze the potentiodynamic polarization curves. NACE TM0177 test solution ‘‘A’’ was used in electrochemical
Fig. 8. Hydrogen induced microcracks emanated from (a) elongated FeS and (b) acicular MnS inclusion in A216 steel.
Table 4
Chemical composition of A217-WC9 steel (wt%).
C Si S P Mn Cr Mo Al Fe
A217-WC9 (cast Cr–Mo steel) 0.12 0.51 0.040 0.36 0.62 2.30 0.99 0.022 Bal.
Table 5
Mechanical properties of A217-WC9 steel.
UTS (MPa) YS0.2% (MPa) E (%) Hardness (HRC)
A217-WC9 642 285 25 18
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Table 6
Results of HIC test in solution with pH 3.5.
Steel UT inspection CLRmax (%) CLRmed (%) CTR (%) CSR (%) ETC (mm)
A216-WCC Cracks 10.2 4.3 3.1 0.4 0.3
A217-WC9 Cracks 4.1 3.6 1.9 0.27 0.2
Table 7
Test time (h) for fracture in stress corrosion tests.
Steel Applied stress (% yield strength of steel)
100 70
A216-WCC 4 223
A217-WC9 12 467
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interference with the electrochemical reaction. After purging, H2S was bubbled into the cell at a ﬂow rate of 55 cc/min for
30 min before starting the test. After preparing and sealing the electrochemical cell, the test specimen was immersed in the
test solution for 33 min in order to measure the open circuit potential (EOCP). EOCP measurement was made between the
working electrode (specimen) and the reference electrode. Potentials in this test were measured with respect to the
saturated calomel electrode.
5. Results and discussion
5.1. Failure analysis
SEM micrographs showed ﬁne multiple surface cracks (Fig. 5). The main crack propagated from the metal surface
perpendicular to the applied stress, indicating SSC crack (Fig. 5a) [4,5].
In addition to the main SSC crack at the metal surface, nucleation of microcracks inside the metal was observed (Fig. 5b).
Crack propagation likely occurred by bursts in which the most favorable oriented microcrack connected to the main crack
before the rest.
Typical hydrogen induced cracks (HIC) are observed in transverse sections of the control valve body (Fig. 6). The HIC
cracks propagated in a step-like direction parallel to the inner valve surface. The existence of HIC cracks can affect the
material’s cracking susceptibility in sour environments [6].
The SSC crack path got deviated at location ‘‘A’’ within red dotted circle (Fig. 7). HIC cracks can also be seen near the crack
tip of the main SSC crack (Fig. 7). The crack growth can be related to how easy a SSC crack can reach HIC cracks inside the
metal and those cracks that connect with the HIC cracks are able to grow more rapidly [7].Fig. 9. A216 and A217 polarization in H2S-saturated NACE TM0177 ‘‘A’’ solution (5.0% NaCl + 0.5% CH3COOH) at T = 23 8C and PH 3.5.
Fig. 10. Surface of fractured steels, after corrosion testing according to NACE TM0177-96 method ‘‘A’’ standard in 5.0% NaCl + 0.5% CH3COOH at T = 23 8C and
PH 3.5. The applied stress was 100% of the YS of the steels (a) A216-WCC and (b) A217-WC9.
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HIC developed, it would make SSCC propagate more easily due to the internal pressure caused by hydrogen gas triggering the
formation of HIC [8]. Therefore, it can be considered that the failure of A216-WCC steel in 24,000 ppm H2S attributes to the
interaction between HIC and SSCC.
Fig. 8 shows microcracks that nucleated from an elongated FeS and extended from an acicular MnS inclusion. Stress
localization at the inclusion/matrix interface is a preferential site for crack initiation and hydrogen trapping [9]. Under the
condition of cathodic hydrogen charging, internal cracks are formed due to absorbed hydrogen atoms which recombine to
form hydrogen molecules at defect sites such as inclusions. As a result, high pressures are built up at these defects, which
lead to cracking [10].
5.2. Alternative alloys
Upon distinguishing the reason for control valve body failure, an attempt is made to propose a suitable material for the
valve body. A216-WCC proved not to be a suitable material for sour gas service with high percentage of sulfur present.
Fig. 11. Transverse sections of steels showing SSC cracks, after corrosion testing according to NACE TM0177-96 method ‘‘A’’ standard in 5.0% NaCl + 0.5%
CH3COOH at T = 23 8C and PH 3.5. The applied stress was 100% of the YS of the steels (a) A216-WCC, after 4 h of testing and (b) A217-WC9, after 12 h of
testing.
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alloy steels if the hardness does not exceed 26 HRC [11].
Therefore to ﬁnd an alternative, with regard to cost of materials, samples of type A216-WCC and A217-WC9 steel were
tested according to NACE MR0175 to determine their HIC and SSC cracking resistance. The chemical composition,
mechanical properties and hardness of A217-WC9 steel are shown in Tables 4 and 5.
5.3. HIC, SSC and anodic polarization tests
HIC test results are listed in Table 6 for pH of 3.5. A217-WC9 steel was found to have more resistance to HIC cracking than
A216-WCC steel when tested both by ultrasound inspection and metallographic analysis (Table 3). These results are in
accordance with published data, which resistance of steels to HIC cracking is related to the stability of the carbides, and as
such, the addition of carbide-stabilizing elements such as chromium and molybdenum enhance the resistance to this form of
hydrogen damage [13].
Table 7 shows the time for fracture of steels in SSC test. A217-WC9 steel was found to have more resistance to SSC
cracking than A216-WCC steel. Susceptibility to SSC is related to two materials parameters: hardness and tensile stress level
[14]. NACE MR0175 recommends that carbon and low alloy steels used in H2S environments should have a hardness value of
22 HRC or less. Also steel susceptibility to SSC depends on the stress localization around surface pitting or inclusions [15].
This localized stress could exceed the yield strength. Since the tensile strength level and hardness for both steels are almost
equals (Tables 3 and 5) therefore the improved SSCC resistance of the A217-WC9 steel can be attributed to its higher pitting
resistance. Comparison of the anodic polarization curves (Fig. 9) shows a considerable improvement in pitting resistance as a
result of substituent of Mo alloy with A217-WC9 steel. It can be seen from Fig. 9 that the anodic polarization curves did not
show an active–passive behavior but only anodic dissolution. The most likely mechanism for the cracking susceptibility a
carbon steel or low alloy steel in H2S solutions seems to be hydrogen embrittlement, whereas anodic dissolution seems to
play a secondary role in the cracking mechanism. It has been reported that the corrosion process of steel in H2S containing
solutions generally is accompanied by the formation of iron sulﬁde ﬁlms on the metal surface [16] which are porous, non-
protective, and this is the reason why a passive region is not found on the anodic polarization curves.
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5.0% NaCl + 0.5% CH3COOH at T = 23 8C and PH 3.5.
The applied stress was 100% of the YS of the steel. The micrographs shown in Fig. 10 illustrate the typical cup-and-cone
fracture surface for the A217-WC9 (Fig. 10b) contrasts the semi-cup-and-cone structure for the A216-WCC (Fig. 10a). This
change in fractographic features is induced by the growth of corrosion pits [17]. Sulﬁde stress corrosion cracks (SSCC) can
initiate at pits that form during exposure to H2S containing service environment. A216-WCC steel does not show a
completely brittle behavior, but in general, the fracture behavior was closer to a quasi-cleavage fracture. Fig. 11 illustrates
transverse sections of steels after corrosion testing according to NACE TM0177-96 method ‘‘A’’ standard in 5.0% NaCl + 0.5%
CH3COOH at T = 23 8C and PH 3.5 that showing SSC cracks. The main failure mechanism was SSC cracking that propagated
perpendicular to the applied stress. The analysis of cracked test specimens showed SSC cracks initiated from the surface to
the base metal but in the case of A216-WCC steel (Fig. 11a) a large number of corrosion pits at the steel surface also observed.
These pits are considered to constitute the origin of the long SSC cracks.
6. Conclusions
The control valve body failed due to combination of SSC and HIC cracking in wet H2S environment. Also A217-WC9 steel
was found to have more resistance to SSC cracking than A216-WCC steel. The improved SSCC resistance of the A217-WC9
steel can be attributed to its higher pitting resistance.
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